is known about the genes and pathways that regulate (Experimental Procedures) we find that ATO has an expression pattern identical to that of ATO RNA (Figure branching and arborization. Here, we report that ato marks a set of three neuronal clusters that project bilat-1B). The ATO-expressing clusters are composed of 3-5 cells in each brain hemisphere ( Figure 1C ). The sizes of erally onto the optic lobes in the adult brain. To our knowledge, these clusters and their projections have not the cells suggests that at least one is a neuroblast, whereas the others are likely to be ganglion mother been described previously. Using a novel fate mapping strategy based on the UAS-Gal4 system, we show that cells. During early larval development, the ATO RNA is detectable in the inner proliferation zone of the optic ato is expressed in the embryonic precursors of one of the clusters. Unlike in the PNS and the retina, ato is not lobes, but no expression is detected in the central brain in L1 and L2 (data not shown). In L3 ATO, RNA is once acting as a proneural gene in the central brain. We show that ato is required for proper axon branching and arboriagain detectable in the central brain in two clusters comprised of 20-30 cells in the dorso-lateral region (Figzation and is antagonized by Notch. We find that loss of these neurons or their failure to innervate their targets ure 1D, arrows) proximal to the optic lobe. In addition, the inner proliferation zone of the optic lobe continues results in failure to eclose from the pupal case. In summary, we have uncovered a group of Drosophila brain to express ATO RNA ( Figure 1D , arrowheads). Immunohistochemistry on frozen adult head sections showed neurons and described novel functions for ato in neuronal development and neurite arborization.
that ATO is expressed symmetrically in one dorsal cluster ( Figure 2F , arrow). These data indicate the 3.6 kb fragment recapitulates the expression of ato in embryos cient for ato expression in the embryonic PNS as well as in the L3 leg, antennal, and wing discs. We find that and larvae. As ATO is expressed in adult brains (Figures 1E and this fragment also directs lacZ expression to the larval optic lobes and central brain (Figure 2A ). However, a 1F), we stained ato-Gal4/UAS-lacZ adult brains with anti-␤-galactosidase (anti-␤-gal) and analyzed the data 3.6 kb fragment directly upstream of the ato ORF directs expression exclusively to the central brain clusters in with confocal microscopy. In adult flies, ato-Gal4 is expressed in a DC and in two ventral clusters (VCs: VLC L3 ( Figure 2B, arrows) . No expression was observed with the 3.6 kb enhancer in imaginal discs or other areas and VBC) of neurons ( Figures 3A and 3D ). As shown in Figure 3B , some axons of the DC project ipsilaterally of the CNS, but it directs lacZ expression in the embryonic CHO precursors (Sun et al., 1998). over the lobula. However, most axons of the DC form a bundle that is a component of the dorsal commissure To further characterize the cells that express ato, the 3.6 kb enhancer was cloned upstream of Gal4, and two (Strausfeld, 1976) and project contralaterally toward the lobula complex and the medulla ( Figures 3A-3D ). These independent transgenic lines were generated (ato-Gal4 14a and ato-Gal4 10). We analyzed the expression of neurites fan out over the lobula complex and the inner chiasm. Ten to twelve tracts cross the outer chiasm, both lines throughout fly development to determine whether they mimic ato expression. ato-Gal4 is initially toward the medulla, in a ladder-like pattern ( Figure 3C ). Over the medulla, the fibers branch and appear to conexpressed in the sensory organ precursors of the embryonic CHOs ( Figure 2C ). At stage 13, 3-5 cells in each tact one another to form a "grid-like" lattice ( Figure 3D ). No fibers cross the lamina. brain hemisphere initiate ato-Gal4 expression ( Figure  2D ). While lacZ expression lasts longer than does ATO The ventral brain cluster (VBC) appears to be located in the central brain, while the ventral lobular cluster (VLC) RNA, it is nonetheless transient and is no longer detectable in stage 15 embryos (see below). However, lacZ is located in the lobula. The axons of the VBC project along the brain-lobula border toward the DC, while the expression is reinitiated at L3 in a cluster of 25-30 neurons in each brain lobe ( Figures 2E and 2F ). Each cluster VLC forms an extensive network of fibers in the ventral lobula ( Figure 3D ). To determine when the expression of neurons sends a bundle of axons ventrally and then contralaterally toward the opposite optic lobes. At the of ato is initiated in the VCs, we examined pupal brains at 50% and 75% pupal development (data not shown). junction between the central brain and the developing lobula, the axons derived from the contralateral cluster All clusters express ato-Gal4 at both stages, suggesting that ato expression in the DC never ceases after L3 and branch out of the commissure, into the developing optic that VLC and VBC initiate ato expression de novo during the lobula and medulla ( Figure 3E ). Thus, it appears that the arborizations of the DC and VC neurons in the optic pupal development.
To confirm that the arborization patterns observed lobes are composed of axons, implying that the atoexpressing neurons output onto the optic lobes rather with cytoplasmic lacZ reflect axonal projections, we used the axonal marker UAS-tau.lacZ, which is driven than receive input from them. The dendritic projections of these clusters were examined using UAS-Nod.lacZ, by ato-Gal4. We find that tau.lacZ expression mimics that of cytoplasmic lacZ, revealing the arborizations in which has been shown to be localized to dendrites (Clark expressing neurons in the L3 and adult brain, we fate constructs. Extra Gal4 protein from the UAS-Gal4 construct binds to the UAS sites upstream of lacZ and mapped the progeny of the embryonic precursors expressing ato using a novel approach based on the UASautoactivates Gal4 production. Hence, the signal becomes self-propagating and is substantially amplified. Gal4 system (Brand and Perrimon, 1993), which introduces an amplification step between the ato-Gal4 and Upon cell division, daughter cells inherit sufficient Gal4 protein to reactivate the cascade. the UAS-lacZ steps via a UAS-Gal4 construct ( Figure  4A ). The rationale of the methodology is as follows: the We applied this strategy to the ato brain enhancer. Normally, expression of ato-Gal4 is no longer detectable ato-Gal4 construct is used to activate the expression of the Gal4 protein in a precursor-specific manner. Gal4 by stage 15 ( Figure 4B ) and is absent throughout early larval development (L1 and L2) ( Figure 4C ). In contrast, binds to the UAS sites of the UAS-lacZ and UAS-Gal4 when the UAS-Gal4 construct is introduced, the lineage unable to examine the medullar part of the pattern. While these data suggest a role for ato in axon arborization, can be easily followed with anti-␤-gal antibodies. At stage 15 ( Figure 4D, arrow In gross morphology and size, so brains and same number observed without the UAS-Gal4 construct ( Figure 2E ). Had the embryonic precursors given rise to a ato brains are indistinguishable. As so mutants show variability in phenotypic penetrance, only flies that comdifferent set of neurons, two or more clusters of neurons would have been identified in L3. We did not observe pletely lack eyes were used. We find that the axonal projections of the DC lobular pattern appears essentially any other clusters in L1-L3 brains. We therefore conclude that the DC is derived from the ato-expressing wild-type in so mutant brains (data not shown), indicating that the axonal defects in the ato mutant brains are embryonic brain cells. Studies using other promoter/ enhancer Gal4 constructs indicate that this fate mapdue to the ato mutation. To demonstrate that this is indeed the case, we expressed ato using the ato-Gal4 ping method may be generally applicable (B. and 5F, arrowheads). In addition, the number of axons nization ( Figure 5B, arrows) . In addition, probably as a crossing the optic chiasma, though not their morpholresult of the loose morphology of the cluster, the deogy, is wild-type (data not shown). These data strongly scending axon bundles are defasiculated ( Figure 5B , suggest that the early differentiation of the cluster is arrowheads). These defects were observed with about unaffected when ato is overexpressed. We conclude 15% penetrance and suggest a weak or partially redunthat the axonal defects observed in ato loss-and gaindant differentiation requirement for ato in the precursors of-function experiments reflect a specific requirement of the DC lineage. Note, however, that the DC axons for ato in the control of the arborization pattern of the form a commissural tract, strongly suggesting that their DC neurons. basic identity as commissural neurons is not affected by the ato mutation.
To investigate if ato is required in the postmitotic DC Notch Antagonizes the Arborization Function of ato To understand the mechanism by which ato functions neurons, as the reinitiation of its expression suggests, we examined the morphology of the axonal projections in axonal development, we examined the role of Notch in the development of the DC axonal pattern. Two obserof the DC neurons of adult ato mutant brains. The DC forms a stereotypical axonal pattern, making it simple vations make Notch a logical candidate. First, ato and Notch interact in an antagonistic fashion during CHO to detect aberrations that may be caused by the ato mutation. In adult brains, we find that in addition to the development. ;ato-Gal4,UAS-lacZ larvae were raised in a cycling incubator delivering a 30 overexpressed both forms of Notch in the DC neurons: the membrane-bound N ϩ and the nuclear form, N intra min, 34ЊC heat shock every 8 hr from late L1 through wandering L3. L3 brains were examined for DC defects.
(Struhl et al., 1993). We find that overexpression of N ϩ has no effect on the axonal pattern (data not shown), We find that reducing Notch activity during larval development has no effects on the number, morphology, or whereas overexpression of N intra results, in comparison with controls ( Figure 6D ), in a severe inhibition of axonal position of the DC neurons or on the formation of the commissure ( Figure 6A ). In contrast, we observed debranching over the lobula and a complete failure of innervation of the medulla ( Figure 6E ). These data suggest fects in axon branching out of the commissure into the optic lobe. Specifically, we observed excessive branching that the nuclear form of Notch, but not the membranebound form, affects the arborization pattern of the DC and defasiculation of the axon bundles entering the optic lobe (Figure 6A, arrows) . Importantly, these defects axons. Finally, if ato suppresses Notch signaling within the DC, gain of Notch function should be epistatic to were not rescued by a wild-type copy of Notch driven by the ato enhancer in the DC (N ts ; UAS-N ϩ ;ato-Gal4,UASthe gain of ato function, placing Notch genetically downstream of ato. Therefore, the combined overexpression lacZ) (data not shown), suggesting that the requirement for Notch in DC axon arborization is nonautonomous in of ato and N intra should result in the same phenotype as the overexpression of N intra alone. Figure 6F shows that contrast to the requirement for ato. Larvae reared under the cycling heat shock paradigm or at a consistent 28ЊC brains in which both ato and N intra are overexpressed using ato-Gal4 have a phenotype identical to that of temperature between either L1 and adult or L3 and adult did not produce homozygous N ts flies. Therefore, to ex-N intra overexpression alone. Taken together, the data presented above support the hypothesis that ato acts to amine the adult DC innervation pattern in a background of reduced Notch activity, we used N nd3 ;ato-Gal4,UASsuppress Notch signaling within the DC and that this suppression is essential for the generation of the proper lacZ male flies. As shown in Figure 6B This dynamic pattern of expression has not been documented for other Drosophila proneural genes and suglings. After hatching, however, they were viable and fergests that ato may be used in multiple developmental tile, and displayed no obvious behavioral defects. In contexts for different purposes. Perhaps the most addition, we noted that the overexpression of N intra in intriguing feature of ato expression in the brain is that the ato neurons also resulted in very few adult escapers it is localized to cells that connect the brain to both (10% of expected progeny eclosed, and most die as optic lobes via a commissure, and thereby, indirectly, pharate adults). When pharate adults who failed to hatch the two optic lobes to each other. Each cluster arborizes after a 5 day delay in the reaper, Ricin, and N intra experiboth ipsi-and contralaterally onto the optic lobes, perments were dissected out of their pupal cases while haps indicative of bilateral communication via the ato they were still alive, they failed to move and usually died neurons. ato is also expressed in photoreceptors and within 24 hr. These data indicate that the ato-expressing optic lobes and is required for their development (Jarcells and their proper arborization are important for man et al., 1994, 1995). ato is therefore involved in the proper eclosion. However, it is impossible at this point development of several components of the adult visual to distinguish between the requirements for the DC, the pathway, from retina to brain. The DC axons do not VBC, the VLC, or any combination thereof. connect directly to photoreceptors 1-6 (R1-R6), as we observe no axons in the lamina. In addition, they do not The importance of the ato-expressing neurons is un-1997), suggesting that in this context ato is not expressed in a proneural cluster. Instead, preselected prederscored by the lethal phenotype observed when they are removed by Ricin or reaper expression or when they cursors transiently express ato, and, consequently, ato cannot be regarded as a proneural gene in this lineage. fail to innervate the optic lobes. This is in contrast to mutations that remove or adversely affect large portions
The DC phenotype in ato mutant brains further supports this conclusion. ato mutants do not lack neurons of the of the brain, including the protocerebral bridge, the central complex, and the mushroom bodies (Davis, 1993; DC. Rather, subtle differentiation defects are observed at L3. These defects suggest that ato is playing a minor Strauss and Heisenberg, 1993). During pupal development, ato-Gal4 is expressed in ‫51ف‬ scattered cells, and/or redundant role in the differentiation of the DC precursors. These data show conclusively that ato is found mainly in the abdomen and thorax, that do not appear to be neurons or muscles (data not shown). While not a proneural gene in this lineage. it is unlikely that the loss of these cells is the cause of the lethality observed in ato-Gal4/UAS-Ricin flies, we Novel Functions for ato and Notch in the Brain Loss-and gain-of-function data support the notion that cannot rule out this possibility. Interestingly, lethal mutations in the optomotor blind locus (Pflugfelder et al.,
ato is required for the proper arborization of the DC axons. In ato mutants, defects are observed in the in-1992) cause strong defects in the lobula and also cause pharate adult lethality and eclosion failure. Furthermore, nervation of the lobula complex. Specifically, it appears that the innervation of the lobula complex is severely we noted that ato 1 /Df(3R)p13 flies hatched in lower proportions as compared with ato 1 homozygous flies (15%-impaired. These defects cannot be due to the loss of potential signals from the medulla or lobula complex, 25% of expected), which correlates with the severity of the arborization phenotype observed in each case. In missing and reduced, respectively, in ato mutants. so mutant brains lack the medulla and have a reduced summary, the loss of the cells or their failure to innervate the lobula causes eclosion defects. lobula complex, similar to ato mutants, yet have a wildtype DC axon innervation pattern in the lobula complex. This suggests that the axonal phenotype is caused speato Is Not a Proneural Gene in the Central Brain To understand the function of ato in the embryonic precifically by the ato mutation. The fact that the lobular arborization pattern in ato mutants can be rescued by cursors, we used a novel fate mapping strategy. Briefly, this strategy involves the addition of the UAS-Gal4 step expressing ato specifically in brain cells under the control of its own promoter indicates that the requirements between the ato-Gal4 and UAS-lacZ steps. This resulted in the labeling of the developing DC cells during L1 and for ato in arborization are not only specific but also cell autonomous. Overexpression of ato in the DC further L2. Thus, we were able to trace the DC lineage using a single cross and antibody staining. One possible pitfall supports this notion. High levels of ato in the DC causes an arborization defect opposite to that observed in the for this strategy is the possibility that some cells may be able to silence the UAS promoter or degrade the mutants. We conclude that ato function is essential for generating the proper innervation pattern observed in The control of cell fate in the embryonic visual system by atonal, tailless and EGFR signaling. Development 126, 2945-2954.
